Abstract This study investigates the relationship between intraoperative extreme flexion and tibia-femoral dislocation during total knee arthroplasty on the prevalence of postoperative deep venous thrombosis. Knees were randomized into two groups. The control group underwent the procedure according to normal protocol, which kept the knee in extreme flexion and maintained dislocation for the duration of the exposure, whereas the variable group underwent the procedure modified to minimize the total amount of time the knee was hyperflexed and dislocated. Venograms were positive in 42% (39/92) of the control knees and 38% (30/79) of the modified group ( p = 0.6). Proximal deep venous thrombosis were found in 12% (11/92) of the control knees and in 16% (13/79) of the modified knees ( p = 0.4). No statistical difference could be detected between the two techniques in regards to the incidence of deep venous thrombosis.
Introduction
The benefits from total knee arthroplasty are well documented in the literature; patients achieve restored ambulation through the restitution of a painless and functional knee joint. Total knee arthroplasty, however, is associated with several risks, including the development of deep venous thrombosis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Deep venous thrombi commonly occur in the calf after total knee arthroplasties and are more frequent after bilateral total knee arthroplasties than unilateral total knee arthroplasties [27, 47] . Thrombi in the calf vein often propagate proximally into the popliteal and femoral veins, increasing the risk of developing fatal pulmonary emboli [5, 9, 15, 29, 52, 53] . Therefore, deep venous thrombosis formation is a potentially serious risk factor in total knee arthroplasty.
Without prophylaxis, the incidence of deep venous thrombi following total knee arthroplasty has been reported at rates up to 88% [27, 53] . Up to 28% of such thrombi may further propagate to proximal veins [2, 9, 26, 35, 36, [50] [51] [52] [53] . Venography and Doppler ultrasound are commonly used to detect thromboemboli; however, these imaging techniques are fallible and often unreliable [55, 61] . Common forms of prophylaxis include aspirin, warfarin, low molecular weight heparins, and mechanical pneumatic compression devices [1-8, 10-27, 29-54] . These modalities are also inconsistent; patients periodically develop deep venous thrombosis despite a careful prophylaxis regimen. Clearly, prevention of deep venous thrombi remains the safest course of action to remove the risk of pulmonary emboli.
As described by Virchow in 1856, three factors contribute to deep venous thrombosis formation: hypercoagulability, endothelial injury, and venous stasis. All three factors are initiated during total knee arthroplasty. Extreme flexion and dislocation of the knee during total knee arthroplasty may play a significant role in the development of deep venous thrombosis formation by theoretically causing direct trauma to the popliteal vasculature and increasing platelet adhesion in accordance with Virchow's triad. The surgeon uses both dislocation and extreme flexion to expose the knee, to perform osteotomies, and to insert the prosthesis; the dislocation and flexion are controlled and maintained throughout the duration of the arthroplasty. This study was conducted to investigate whether a reduction in the total amount of time the knee was dislocated and hyperflexed led to a decrease in deep venous thrombosis. The relationship between venous thrombosis and the extreme flexion and dislocation utilized during total knee arthroplasty has not yet been documented.
Methods
One hundred seventy-one total knee arthroplasties in 118 patients were randomized into two groups. All procedures were performed by the senior author. The average age of the patient population was 68.1 years (range 40-84 years; standard deviation 8.7 years). There were 122 knees in 83 female patients with an average age of 68.6 years (range 40-84 years; standard deviation 8.9 years) and 49 knees in 35 male patients with an average age of 66.8 years (range 46-81 years; standard deviation 7.8 years). The control or Bnonmodified^group underwent the procedure according to normal protocol, which maintained the dislocation and flexion throughout the arthroplasty, whereas the variable or Bmodified^group underwent the procedure modified to minimize the total amount of time the knee was in extreme flexion. Intraoperative extreme flexion was defined as greater than 135-of flexion, whereas tibia-femoral dislocation was defined as 100% anterior translation of the tibia with respect to the femur. Limits were set at 4 min for the flexion and 2 min for the dislocation in the modified procedure.
One hundred eighteen consecutive patients undergoing primary total knee arthroplasty were divided into two groups using random numbers. Because of the patient randomization process, the patient population undergoing simultaneous bilateral total knee arthroplasties often had one knee assigned to the modified arm of the study and the other knee to the control arm; thus, these patients served as their own control group. Listing the number of patients in each group would have resulted in redundancy, and thus, much of the data are presented in terms of the number of knees in each group. Appropriate recognition was given to patients who underwent bilateral procedures to allow for the variable rates of deep venous thrombosis in unilateral versus bilateral total knee arthroplasty. We excluded patients with a history of previous thromboembolism, patients undergoing revision arthroplasty, and patients taking coumadin preoperatively for other medical reasons. The nonmodified group had 92 knees in 63 patients, whereas the modified group included 79 knees in 55 patients.
The following exceptions were noted. Two bilateral total knee arthroplasty patients refused to have venography performed bilaterally. The data derived from venography of each of the patients' one leg was included among the bilateral patient population. Two patients underwent staged bilateral total knee arthroplasties that occurred at a 12-and 14-day interval, respectively. These patients, totaling four knees, were included among the unilateral patient population; they served as their own control.
All patients received epidural anesthesia. Both groups of patients had a tourniquet pressurized to 350 mm Hg after the leg had been exsanguinated. A midline skin incision and a deep medial parapatellar approach were used to expose the knee. All patients had either an Insall-Burnstein II or Johnson & Johnson posterior stabilized cemented arthroplasty. Patellar preparation was performed on all patients.
The nonmodified protocol was performed with the knee in extreme flexion for the duration of the exposure as in a standard knee replacement, i.e., extended only after the trial components were inserted and the patella to be cut. The knee joint was dislocated, and osteotomies of the tibia, femur, and patella were performed. The components were then cemented and followed by closure.
The total knee arthroplasty protocol for the modified group was based on a technique described by Rabinov and Paulin (1972) and is discussed as follows. The knee was extended during preparation of the femoral and tibial sides not to allow the knee to be in the flexed state for more than 4 min. The knee was then placed into extreme flexion, after which the tibia was translated 100% anterior to the femur to perform the tibial osteotomy. The positioning and tibial osteotomy were timed by the anesthesiologist to be no longer than 4 min. The knee was then immediately placed in extension for patellar preparation. For the femoral osteotomy, the knee was positioned in no greater than 90-of flexion for a period of less than 4 min. When the 4-min interval was reached, the leg was immediately placed into extension for a period of 2 min. After 2 min of extension, the knee was reflexed to 90-, again for a time period of no longer than 4 min. During cementation of the tibial component, the knee was maintained in extreme flexion and tibia-femoral dislocation, which was also timed and limited to less than 4 min.
Postoperatively, all patients were placed on 325 mg of aspirin twice a day for deep vein thrombosis prophylaxis. Venography was performed from 2 to 17 days postoperatively, averaging 5.7 days. Because venography has been the gold standard at our institution and was used routinely until we switched to ultrasonography, we assume that the sensitivity, specificity, and accuracy approach 100%. One patient underwent staged, bilateral knee replacements (12 days apart), but venography was performed bilaterally on 17 days after the first knee and 7 days after the second knee.
Thrombi were classified according to their location. The popliteal, femoral, and iliac thrombi were considered as evidence of proximal deep vein thrombosis. If a venogram in the calf was positive, the patient was placed on warfarin for 6 weeks. Patients with positive proximal venograms were treated by an initial prescription of heparin followed by placing the patient on warfarin to maintain an international normalized ratio between 1.3 and 2.0. The drains were removed 24 h after the operation. All patients received continuous passive motion beginning on postoperative day 1.
For statistical analysis, a chi-squared test was performed to evaluate the significance of the incidence of deep vein thrombosis.
Results
The two groups were evaluated in terms of age, gender, percentage of unilateral and bilateral knees, and the arthritic nature of their disease. The patients were found to be relatively similar in regards to each basis. The average tourniquet time for the whole patient population was 56 min. The average tourniquet time was 52.7 min for the modified group and 59.3 min for the nonmodified group ( p > 0.05). The modified knees spent an average of 7.9 min in extreme flexion with tibia-femoral dislocation, whereas the nonmodified knees spent an average of 34 min in extreme flexion with tibia-femoral dislocation.
The modified group included 79 total knee arthroplasties (55 patients), whereas the nonmodified group included 92 total knee arthroplasties (63 patients). Thrombi were found in 38% (30/79) of the modified group and 42% (39/92) of the nonmodified group ( p = 0.6; Fig. 1 and Table 1 ). The incidence of proximal deep venous thrombosis was 16% (13/79) in the modified group and 13% (11/ 92) in the nonmodified group ( p = 0.4).
Sixty-nine knees in 67 patients were done unilaterally, which included two patients who underwent bilateral knee arthroplasty in a staged fashion. Venography was positive in 39% (12/31) of the modified unilateral knees and 47% (17/36) of the nonmodified, unilateral knees ( p = 0.5). Thrombi were proximal in 23% (7/31) of the modified unilateral knees and 14% (5/36) of the nonmodified unilateral knees ( p = 0.4).
One hundred two total knee arthroplasties in 51 patients were done bilaterally and simultaneously. Venography was positive in 38% (18/48) of the modified bilateral knees and 39% (22/56) of the nonmodified bilateral knees (p = 0.1). Thrombi were proximal in 13% (6/48) of the modified bilateral knees and 11% (6/56) of the nonmodified unilateral knees (p = 0.8).
Bilateral patients with one leg included in the modified group and the other leg in the nonmodified group demonstrated uniform results with respect to deep venous thrombosis rates (Table 2) . Eighty percent (41/51) of the bilateral patients had identical findings on both of their legs: 29.4% (15/51) had positive findings on both of their legs, whereas 51.0% (26/51) had negative findings on both their legs. Twenty percent (10/51) of the bilateral patients had a positive finding on one leg and a negative finding on their other leg (10/56 knees; p < 0.0001).
Discussion
Deep venous thrombosis is common following total knee arthroplasty. Incidence of deep venous thrombosis after total knee replacement has been reported at rates of up to 88% Many of the patients in the bilateral group had one of their knees performed by the modified technique and the other knee performed by nonmodified technique. DVT = Deep venous thrombosis. [27, 53] . Thrombi commonly occur in the calf and often propagate proximally into the popliteal and femoral veins [5, 9, 15, 29, 52, 53] . Pulmonary emboli have been shown to originate from this propagation [5, 9, 15, 29, 52, 53] . Thrombi can be significantly reduced through the use of anticoagulant prophylaxis. Prophylaxis modalities include aspirin, warfarin, low molecular weight heparin, and mechanical pneumatic compression devices [1-8, 10-27, 29-54] . Despite prophylaxis, many total knee arthroplasty patients still develop deep venous thrombosis. For example, approximately 40% of the patients in this study developed thrombi while on a prophylactic regimen. Virchow postulated that three mechanisms factor into the development of thrombosis: venous stasis, hypercoagulability, and endothelium damage. Each of these factors is present during total knee arthroplasty. During bone surgery, hypercoagulability activates clotting factors by producing the release of thromboplastins, decreasing antithrombin III levels, and changing platelet activity [18] . Kinking of the veins produces venous stasis. Damage to the vessel wall and endothelium can lead to the adhesion and aggregation of platelets. The level of damage is dependent on the amount and type of force inflicted on the vessel and the presence of any preexisting vascular pathology [18] . The severity of vascular compression, however, is unpredictable, especially if there is preexisting calcification and arteriosclerosis of the vessels. The use of tourniquet or postoperative immobilization inhibits normal venous return in the lower extremity, which may lead to venous stasis and further promoting the formation of deep venous thrombi [56] [57] [58] . Several reports have implicated tourniquet use in increasing endothelial damage [28, 59] . The tourniquet acts as a source of mechanical trauma by causing direct vascular injury.
Extreme flexion and controlled and maintained dislocation are the standard methods of exposure during the arthroplasty. The routine use of knee dislocation and prolonged extreme flexion during total knee arthroplasty may also act as another source of mechanical trauma in accordance to Virchow's theorem. Traumatic knee dislocation has been shown to cause endothelial injury [60] . Controlled dislocation may cause a rather large manipulation of vessels that can be nonpliable and fragile because of calcification and atherosclerotic plaques.
This study was conducted to investigate whether this controlled and maintained dislocation together with extreme flexion leads to an increased incidence of deep vein thrombosis. Both sets of patients in the study had knee dislocations. The nonmodified, or control, group averaged 34 min in extreme flexion and tibia-femoral dislocation. The modified group averaged 7.9 min in extreme flexion and dislocation. Deep venous thrombosis rates were 42% for the nonmodified group and 38% for the modified group ( p = 0.6). Because the difference was essentially unchanged in the two groups, a power calculation was run, and it was determined that there would have to be 5000 patients in the study to see a statistically significant difference. Thus, despite the difference in time between the modified and nonmodified group (34 versus 7.9 min), deep venous thrombosis rates were not significantly different.
The present study did not find an association between the length of time the knee was in extreme flexion and the incidence of deep venous thrombosis. This study hypothesizes that dislocation itself may be the factor that leads to endothelial injury. Although the length of time the knee was in flexion and dislocation was minimized, the fact that flexion and dislocation occurred at all may be the more important factor. Duration may not be a determinant in regards to endothelial injury; any amount of dislocation and flexion could create endothelial injury. This hypothesis is supported by trends seen in the bilateral patient population. Eighty percent of the bilateral patients were either positive or negative for deep venous thrombosis on both knees despite the fact that one knee was done by the modified procedure and the other knee by the nonmodified procedure ( Table 2 ). These results suggest that the length of dislocation was not a factor in thrombosis rates; the patients themselves appeared to be the more important factor. If, in fact, minimizing the length of time the knee spent in flexion and dislocation affected the incidence of deep venous thrombosis, thrombi should have been detected in relationship to the individual knee and not the patient.
Studies dealing with the use of a tourniquet during total knee arthroplasties may also support the current study's hypothesis. As discussed previously, using a tourniquet may damage the endothelial vessels and create venous stasis much like extreme flexion and dislocation. AbdelSalam and Eyres [56] reported an increased incidence of deep venous thrombosis in patients that had a tourniquet, again suggesting that endothelial damage may induce thrombi formation. By kinking the veins, flexion acts much like a tourniquet. Again, time may not be a factor; the act of flexion kinks the vein causing damage to the endothelial wall regardless of how long the kinking occurs.
In conclusion, altering surgical technique to minimize the amount of time the knee spends dislocated and in extreme flexion during total knee arthroplasty does not appear to reduce the incidence of deep venous thrombosis.
